Abstract-
I. INTRODUCTION
T O ENHANCE the performance of many modern wireless communications networks, RF front ends often require reconfigurable or multiband circuits to satisfy the demanding operating system requirements. In this regard, the need for new microwave and millimetre-wave phase shifting devices has led to ever increasing demands for a new generation of materials which exhibit dielectric tunability, induced by the application of a quasi-static bias voltage. Toward this end, the salient electrical properties (relative permittivity, tunability, and loss tangent) of several potentially suitable materials such as ferroelectrics (FE) and liquid crystals (LCs) have recently been reported [1] - [7] , and their use in practical applications such as phase shifters and electronic beam steering antennas has been demonstrated [8] .
In 2016, Bulja et al. [9] reported, for the first time, a new class of dielectric material, namely, electrochromic (EC) films, which were shown to exhibit electronic tunability in the frequency range from 1 to 20 GHz. This paper was inspired by observations in the optical frequency [10] , [11] where a change in color occurs upon EC films actuation by the application of a low dc bias voltage. Although, the optical properties of EC have widely been reported in the literature, only two works [9] , [12] have elaborated on the behavior of these films in the microwave band, and, to the best of our knowledge, no study has ever been conducted to establish the electrical behavior of EC at different operating temperatures and in the millimeter-wave band.
In this paper, temperature-controlled measurements between 7°C and 50°C have been made in the 1-67 GHz frequency range of solid-state inorganic, thin EC films with a complimentary structure of WO3/LiNbO3/NiO. The results are shown to compare favourability with LC mixtures, which give a satisfactory tunability and loss, but only over a limited temperature range where the material exists in the nematic phase state [6] , [7] . Test cells previously developed and successfully employed for the work reported in [9] are also used in the present measurements in a temperature-controlled experimental setup, suitable for wafer probing. Each test cell consists of two wideband coplanar waveguide (CPW) to microstrip line transitions to facilitate on-wafer RF measurements as well as to provide the required bias voltage excitation [13] . Initially, identical test cells constructed with a silicon dioxide (SiO 2 ) substrate are measured and characterized. Widespread knowledge of the dielectric characteristics of SiO 2 [14] is used to confirm the validity of the experimental arrangement and the dielectric parameter extraction technique, which is subsequently used to obtain the dielectric permittivity and loss tangent values of the EC material for biased and unbiased states. 
II. ELECTROCHROMIC MATERIALS
EC dielectric materials are multilayered composites deposited sequentially on a substrate, as shown in Fig. 1(a) . The physical structure can be divided into the following four parts. 1) Two conducting electrodes that permit the application of the bias voltage. 2) Ion conductor or the electrolyte, which is the middle layer that acts as a tank of available ions and has a strong influence on the device performance; it must have a high ion conductivity (typically σ i > 10 −7 S/cm) but low electron conductivity (σ e < 10 −10 S/cm). 3) EC layer at the cathode end where ions and electrons are inserted into or extracted from in order to change the associated colouration of the layer. The EC layer should be capable of conducting electrons as well as ions. 4) Ion storage layer at the anode end is sometime present and, ideally, displays electrochromic properties complimentary to that of the cathodic EC film. In this case, the EC device contrast is improved since two chromic layers are bleached and colored together (one cathodically by losing electrons and the other anodically by gaining electrons). Assuming a duality between optical (color) characteristics and dielectric properties of the EC material, a higher contrast can be interpreted as increased dielectric tunability; however, this needs to be investigated using several EC structures.
Applying a dc bias voltage of the order of a few volts to the device causes the electrons (from the electrodes) and ions (from the electrolyte) to either flow in or out of the EC film(s), thus changing the optical absorption characteristics [15] . The device exhibits a long-term open circuit memory, i.e., the optical properties remain stable for long periods of time. A reverse dc voltage can be used to accelerate its return to the original optical properties.
Several distinct classes of materials have been extensively investigated for optical EC applications including organic and inorganic substances such as conducting polymers and transition metal oxides, respectively. Transition metal oxides must be employed in the form of thin films, typically less than 0.5 μm [16] . They have the advantage of a long lifetime and a high contrast (the color changes from transparent to blue) [17] . On the other hand, conducting polymers can be made thicker and have a faster response time with abundant changing colors (multiple colors are observed for a variable dc bias voltage) [17] . Inorganic compounds are generally preferred electrolytes, due to their durability, long life, wide temperature ranges, and ease of fabrication [10] .
For the work presented in this paper, tungsten trioxide (WO 3 ) and Nickel oxide (NiO) are employed with a thickness of 150 and 120 nm, respectively, whereas LiNbO 3 with a thickness of 730 nm is chosen as the electrolyte since it meets the conductivity requirements [10] . The high-frequency modulation of this all solid-state inorganic thin film EC device with a complementary structure of WO 3 /LiNbO 3 /NiO is investigated at different temperatures using a novel test cell which is described in the next section.
III. MEASUREMENT SETUP

A. Test Cells
In order to characterize the dielectric properties of the EC material over a wide frequency range, a new device architecture was developed consisting of two vertical transitions from a CPW to a microstrip line [see Fig. 1(b) ]. The signal path of the CPW section is connected through a via to a microstrip line of length L. The multilayer EC cell of Fig. 1(a) is then employed as the dielectric material (shown in green) for the microstrip line whose ground plane and microstrip line are used to bias the EC cell. In addition to the unknown EC material whose dielectric properties are to be extracted, test cells based on SiO 2 were also designed, fabricated, and their dielectric characteristics extracted to demonstrate the validity of the measurements and material parameter extraction technique.
It should be pointed out that both test cells based on the multilayer EC dielectric material and the SiO2 have a similar thickness of about 1 μm. To ensure that the thicknesses of these two layers are the same, specific dimension measurements were performed during the fabrication of the test cells [9] . As such, all of the individual layers in the test cells were characterized using Stylus profilometry on a KLA Tencore P-11 profilometer to determine the thickness. In addition, a Rudolph Auto ELII ellipseometer, and NanoSpec 6100 Interferometer were used to determine the refractive index and the thickness of the individual WO3, NiO, and LiNbO 3 layers prior to actual device fabrication. Further to this, measured dimensions of the cell thickness were obtained using scanning electron microscopy (SEM) after fabrication.
It is observed from Fig. 1(b) that two CPW-to-microstrip line transitions are employed in the test cell to permit the measurement of the scattering (S) parameters using a standard CPW probe station. In addition, the probes provide the required dc bias voltage for EC material actuation.
Standard microfabrication techniques were used in the development of the EC cells. Each layer is sequentially deposited on an n-doped silicon wafer with a relative permittivity of ε rSi = 11.9 and conductivity of σ si = 5 S/cm. To isolate the conductive silicon substrate from other layers of the composite structure and prevent wave propagation into the wafer, a SiO 2 isolation layer with H isol = 300 nm is next deposited by plasma-enhanced chemical vapour deposition. Above this layer, a gold ground plane with T GND = 520 nm is patterned with photoresist, deposited by e-beam evaporation, and lifted-off on the top surface of SiO 2 to create the pattern of the CPW. In the design of the CPW, the permittivity value ε r = 3.78 is assumed for the insulating thin SiO 2 layer, and the geometric parameters (G = 180 μm, S = 44 μm, and W = 80 μm) were optimized using CST Microwave Studio to give a 50-characteristic impedance. The overall length of the transition is L t = 2200 μm. The EC material, bound by two SiO 2 barrier layers [shown in green in Fig. 1(b) ], is then patterned, e-beam deposited, and lifted-off on the surface of the ground plane with a thickness of H ≈ 1 μm. Next, the barrier layers are etched away to open vias of diameter d via = 3 μm. The gold microstrip line of width W ≈ 4 μm and thickness T = 2.58 μm is patterned, e-beam deposited, and lifted-off. This line connects the signal path of the CPW through the vias. In this case, the characteristic impedance of the microstrip line section based on the known SiO 2 dielectric material is equal to 50 and is matched to the impedance of the two ports.
B. Thermal Control
An E8361C (10 MHz-67 GHz), Agilent vector network analyzer (Keysight Technologies), is used for S-parameter measurements of the EC test structures, whereas for the temperature-controlled measurements, a Thermochuck TP03200 system suitable for wafer probing is used (see Fig. 2 ). The TP03200 system consists of a controller, a stand-alone cooler, and a temperature-controlled vacuum chuck assembly which hosts the fabricated wafers. The chuck is a high precision thermal platform and is electrically isolated from the wafer substrate. The system enables thermal measurements from −65°C to 300°C with ±0.5°C accuracy; however, a smaller range of 7°C-50°C was chosen for this measurement campaign.
IV. DIELECTRIC PARAMETER EXTRACTION
In order to extract the unknown dielectric parameters of the microstrip line section depicted in Fig. 1(b) , the contribution of the CPW-to-microstrip transitions must first be de-embedded from the test cell measurements. This is done using the following matrix expression: The method discussed in [13] , which is effectively a two-tier thru-line (TL) technique, can be used to extract the S-parameters of the CPW-to-microstrip line transitions (Appendix). Here, the thru standard refers to a structure with only two transitions connected back-to-back (L = 0) while the line standard represents two back-to-back transitions connected through a length of a line, L. It should be pointed out that the microstrip line section in the line standard, which has a length of L = 2 mm in this paper, should be exposed to SiO 2 to avoid reflections. In this case, the S-parameters of the transitions are obtained following the procedure provided in [13] and are shown in Fig. 3 . As can be seen from Fig. 3 , the measured input reflection coefficient (at the CPW input port) is quite different from the output reflection coefficient (observed from the microstrip side). This is due to the geometric asymmetry of the transition which presents a CPW configuration at one end and a microstrip line topology at the other end. In both cases, the reflection coefficients are below −9.6 dB over the indicated frequency measurement range, 1 to 65 GHz. The high loss evident in the measured transmission coefficients of the transitions is attributed to the thin dielectric and conducting layers. The extraordinary frequency behavior of thin-film microstrip lines (TFMLs) compared to conventional microstrip lines is thoroughly discussed in [18] .
Once the S-parameters of the transitions are obtained, the transmission matrix of the microstrip line section, [T Line ], can be achieved from (1). This matrix contains information of the unknown complex propagation constant of the EC cell, γ = α + jβ; however, it also contains the effect of the impedance transition from the microstrip line deposited on the SiO 2 layer to the unknown dielectric characteristic of the EC material [see Fig. 1(b) ]. In order to extract the dielectric characteristics of the unknown dielectric material accurately, the effect of this transition needs to be taken into account [9] . Due to the symmetry and reciprocity properties of the microstrip line the following holds:
where T 11Line , T 12Line , T 21Line , and T 22Line are the matrix elements of [T Line ]. Regardless of the matching conditions at the terminals of the microstrip line, the following expression for the unknown complex propagation constant, γ , can be obtained [9] , [19] using the measured transmission matrix,
It should be noted that (3) is the general formula for the complex propagation constant of a symmetrical transmission line with length L supporting a single-mode propagation [20] . In particular, (3) represents the extracted complex propagation constant of the EC cell when the effect of the transition from the SiO 2 layer to the unknown dielectric characteristic of the EC material is taken into account. Effectively, in this way, the microstrip line exposed to the EC material becomes reflection less and can be uniquely characterized by the propagation constant γ and by the knowledge of the dimensions and metal conductivities obtained from SEM measurements and dc resistance measurements, respectively. Furthermore, it should be noted that the calculation of the cosh function in (3) involves the square-root and complex natural logarithm functions which require further unwrapping of the imaginary part as well as the correction of the sign of the real part [3] , [13] in order to properly obtain β and α, respectively.
The effective parameters of the EC-based TFML in Fig. 1 (b) can be obtained using the measured complex propagation constant; ε eff = (γ /γ 0 ) 2 [20] . Here, γ 0 = ω/c is the free space wavenumber and γ can be obtained from (3) . The effective permittivity is interpreted as the permittivity of a homogeneous medium that equivalently replaces the air, the conducting layers, and the dielectric material [20] . In the case of a TFML structure, the effective permittivity is heavily influenced by the properties of the conductors as a consequence of wave propagation in thin dielectric and conducting layers. More specifically, the thin dielectric layer results in densely distributed electromagnetic (EM) fields which can propagate inside the thin conductors (or even radiate into the air) at sufficiently low frequencies where the conductor thickness is less than one skin depth [18] .
This behavior observed for TFML structures makes the extraction of the relative parameters of the EC material from the effective parameters of the TFML highly complicated, as described in [21] - [23] . For this purpose, Norooziarab et al. [18] developed an analytical method and a curve-fitting optimization procedure, based on the fullwave simulation software CST. The techniques were initially evaluated using thin SiO 2 as the dielectric material and it was shown that the extracted relative permittivity based on the full-wave simulation procedure shows an increased value and differs by 25% of the bulk SiO 2 as reported in [14] . However, such permittivity enhancement of thin film SiO 2 is possibly due to impurities introduced into the thin grown layers during the fabrication process [18] . In particular, the 25% difference is in line with the results in [24] which report a permittivity enhancement of up to 26% for thin SiO 2 . The extracted loss tangent of thin SiO 2 was about tan δ ≈ 4 × 10 −3 which is in line with the published results of [24] . The standard curvefitting procedure in conjunction with full-wave simulations is used for accurate dielectric characterization of the EC material in [9] , which tends to be time consuming due to the complex propagation nature in thin-film conductors. In this regard, the analytical method proposed by Norooziarab et al. [18] was used as a starting point in the optimization procedure to yield a time efficient and accurate dielectric characterization based on the designed TFML test structure.
To simulate the TFML structure in CST, the conductors are modeled as arbitrary materials with a relative permittivity obtained from the conductivity of the metal. Such a setting is essential since the CST solver models conductive strips as surface impedances, which avoids volume wave propagation in their interior. To obtain precise values of the high-frequency dielectric characteristics of the unknown EC material, the conductivity of the conductive layers is obtained from dc resistance measurements, while the exact dimensions of the TFML are obtained using SEM measurements. These measurements are later used in the curve-fitting optimization in CST to match the simulated and measured complex propagation constants γ from which the unknown high-frequency dielectric characteristics are obtained. The SEM measurements of the fabricated test cells show that the surface roughness is low enough to be neglected in the CST simulations.
In addition, the optimization space in CST over which the desired dielectric characteristics are sought is defined by the width of the microstrip of W = 4 ± 0.05 μm, conductor thickness for the microstrip line and the ground plane T = 2.58 ± 0.05 μm and T GND = 0.52 ± 0.02 μm, and dielectric thickness H = 1±0.05 μm. Similarly, conductivities of the top and bottom gold layers derived from measurements of dc resistance and conductor geometries, considered in the range (2.46 ± 0.15) × 10 7 S/m and (3.64 ± 0.15) × 10 7 S/m, respectively, were also used as part of the optimization space in CST. In order to obtain the dc resistance measurements, we have used two needle probes connected to the signal line of the CPW at the input and output ports [see Fig. 1(b) ]. The other end of the probes is connected to an LCR meter (Rhode & Schwarz HM 8118). By performing these measurements for two test cells with different lengths of the microstrip line section and subtracting the measured resistances, the conductivity of the microstrip line can be calculated [22] . A similar approach is repeated to obtain the conductivity of the ground plane.
V. RESULTS
Based on the optimization technique using full-wave CST simulator, described in Section IV, the proposed EC material composition of Fig. 1 (WO 3 /LiNbO/NiO) is characterized between 1 and 67 GHz for two different cases; 1) at room temperature (about 23°C), unbiased and with dc bias voltage applied in steps of 1 up to 6 V and 2) at 0 and 6 V for temperatures of 7°C, 23°C, and 50°C. A bias voltage of 6 V is adopted for the "ON state" of the material in line with previous publications [9] . However, a brief discussion on the saturation limit of the EC material is provided in Section VI.
The length of the microstrip line exposed to the EC material is important in the dielectric extraction of the tunable material. Considering the frequency range of interest, a test cell of length L = 2 mm (λ g at f = 20 GHz [9] ) was chosen in preference to the other devices that were constructed (L = 1, 3, and 5 mm) to reduce the required simulation time in CST. Nevertheless, consistency of the extracted dielectric properties was verified by comparison with the results obtained from the other three structures.
For the scattering parameter measurements, a probe station and a vector network analyser, calibrated using a standard short-open-load-thru method was used. The reference planes are at probe positions located at the ends of the CPW terminals on the device under test.
A. Variable Bias Voltages at Room Temperature
The complex dielectric permittivity of the EC material was extracted at room temperature for bias voltages from 0 V (OFF state) to 6 V ("ON" state) in 1-V steps. Here, the simulated and measured complex propagation constants γ of the EC-based microstrip line were matched for all bias voltages. The propagation and attenuation constants corresponding to a TFML of a length of 2 mm are obtained by matching the measured propagation constant to the one obtained by the CST optimization procedure. Fig. 4 shows the corresponding curves for the OFF and ON states of the EC material at 0 and 6 V, respectively, while the rest of the voltage steps are not shown for the sake of clarity. As evident, the measured and simulated propagation constants β are well matched. The largest error is related to the simulated attenuation constant α and is about 10% over the indicated frequency range. It is believed that the differences observed are related to increased sensitivity to noise at higher frequencies.
The simulated curves for the attenuation and propagation constants show a greater error at low frequencies compared to high frequencies. This is understandable since at low frequencies the conductors are electrically thinner compared to their corresponding electrical thickness at higher frequencies. The effect of thinner conductors at low frequencies manifests itself in an increased sensitivity to the exact value of the conductor properties (thickness and conductivity). Further, since the conductor thickness is not perfectly uniform along the length of the thin microstrip line, the small undulations along its surface act as a source of error, which is, again, mostly perceivable at low frequencies. At higher frequencies, the effect of small undulations is less pronounced since the conductor in this case is electrically thicker. Another source of uncertainty lies with measurement uncertainty, which demonstrates itself as a noisy response, mostly evident above f = 65 GHz (see Fig. 4) . Fig. 5(a) depicts the extracted dielectric constants of the EC material for all bias voltages. The results show that a threshold dc bias voltage of about 1 V is required to produce a measurable change in the permittivity of the EC delay line. The loss tangent is also extracted and shown in Fig. 5(b) . A comparison of the extracted dielectric properties illustrated in Fig. 5 with the only published results at room temperature in the frequency range of 1-20 GHz [9] , reveals that the relative permittivity and loss tangent of the EC are generally in good agreement; the maximum difference for the extracted relative permittivity is below 1% while it reaches 4% for the extracted loss tangent. A temperature variation of the EC materials has not been publicly disclosed anywhere else and, as such, we cannot provide such a comparison. However, it would be possible to, as an example of our future work, compare the present, dielectric parameters obtained using a broadband method with an inherently more accurate singlefrequency cavity method. This can be the topic of a future research study to accurately characterize the tuneable EC material. Between 20 and 67 GHz the absolute values of the extracted permittivity decrease linearly and the tunability [ ε ( f ) = ε r (6 V)-ε r (0 V)] of the EC material varies between 11.3% at 1 GHz and 7.5% at 67 GHz. The results show a weak variation of loss tangent with frequency for a given bias voltage. The maximum measured tan δ = 0.026 at 67 GHz for a bias voltage of 6 V, is approximately twice the value obtained for the unbiased state. It is interesting to note that we observed that the EC material exhibits a memory effect and preserves its electrical properties for several hours after the bias voltage is removed. Furthermore, the tuning behavior of the material is repeatable and the "ON" to "OFF" cycle dielectric parameters can be regained simply by reversing the dc bias voltage.
The performance of the EC device is predominantly dictated by the performance of its constituent layers; i.e., the EC film, the electrolyte, and the ion storage layers. For the current EC test cells based on the combination of WO 3 /LiNbO 3 /NiO, a switching time of 3 min is required for the full bias of the material. However, faster switching times can be achieved depending on the material composition, preparation condition, and deposition method. For example, in [10] , a switching time of less than 2 s is reported for the bleaching/colouration of an EC structure similar to the one considered here but with different layer thicknesses and deposition technique.
This structure is considered for display technology applications. The reported durability (ON to OFF cycles) of the device is more than 2000 cycles and it exhibits a strong memory effect of about 24 h. A comparative discussion on the switching dynamics of several EC structures can be found in [11] ; however, these results pertain to the characteristics observed at optical frequencies. The equivalent behavior characterization at micro-and millimeter-wave frequencies has not yet been conducted.
It is useful to compare the extracted dielectric permittivity and loss tangent of the EC material with other available electronically tunable technologies such as LCs [3] - [7] , FE [1] , [2] , and CMOS-based phase shifters [25] , [26] . Among all these, the EC material can be best compared with LCs as they are both bulk tuneable dielectric materials which can be continuously controlled by a low dc bias voltage (typically around 10 V). In contrast, FEs require high bias voltages although they can achieve very large tuning ratios up to 200% [2] . Similarly, CMOS-based phase shifters can be implemented in a small area with discrete [25] or continuous [26] phase shifts. In both cases, large phase shifts are achieved over a limited frequency range, since varactors are made to resonate by either serial or parallel connection with an inductor. This is unlike LCs or the proposed EC material which is bulk tunable dielectric materials and provide a wide frequency and continuous control.
The first generation of LCs (K15)% permittivity tunability [14] which is similar to the EC material reported in this paper. However, the dielectric tunability of the EC material is lower than that of the more sophisticated LC mixture (GT3-23001), about 27%, which is commercially available from Merck KGaA and specially engineered for microwave applications [19] . On the other hand, the absolute value of the extracted relative permittivity of the present EC cells is approximately an order of magnitude higher than that reported for LCs [3] - [5] . In this case, the proposed EC composition may be suitable for those applications that cannot be practical with LCs; e.g., tunable varactors with high capacitance values and miniaturized phase shifters.
Although the extracted loss tangents obtained in this paper are very similar to GT3-23001 [27] , the loss tangent values are lower than most other experimental LCs specimens reported in the literature which lie in the range tan δ − = 0.05 to 0.075 for the perpendicular state (OFF state) and tan δ | = 0.03 to 0.05 for the parallel state (ON state) at 30 GHz [3] - [6] .
B. Variable Temperature
To investigate the temperature dependence of the dielectric properties of the EC material, the test setup already described in Fig. 2 is exploited. In this regard, measurements were made between 1 and 67 GHz for two extreme bias states, 0 and 6 V, with the temperature of the experimental setup configured to both increase (decrease) to 50°C (7°C) from room temperature with the wafer containing the device under test inserted in the chuck assembly. This is done so that the electrical behavior of the EC material is investigated for rising and falling temperatures. This contrasts with the characterization of LC mixtures, where the temperature gradient during the measurement stage needs to be always positive. This is due to LC mixtures exhibiting supercritical behavior, which manifests itself as a temperature hysteresis when cooled down [6] , [7] .
The curve-fitting optimization in CST is also applied for these two temperature points (50°C and 7°C) to match the simulated and measured complex propagation constants γ Fig. 6(a) and (b) , respectively. The extracted dielectric parameters of the EC material at three different temperatures, 7°C, 23°C, and 50°C, are plotted in Fig. 7 . As can be seen, the extracted relative permittivity ε r and loss tangent, tan δ are both temperature sensitive, especially for the ON state (V bias = 6 V).
Compared with the results at room temperature, a significant increase in the absolute permittivity is obtained at 50°C which produces an increase in the dielectric tunability, ranging from 16.4% at 1 GHz to 12% at 67 GHz. Conversely, the measurements at 7°C show that the EC material exhibits a smaller tunable range than at room temperature. For the unbiased device the variation in the permittivity with temperature follows the same trend, but the variation is significantly lower. Similarly, the variation of the loss tangent at different temperatures follows the same trend and it lies in the range tan δ = 0.012-0.017 which is within the experimental accuracy of the measurement system. Interestingly for the biased "ON" state, tan δ for 7°C and 50°C are both larger than the measured data obtained at room temperature (23°C).
The extracted results in Fig. 7 can also be compared with LC mixtures. Table I compares temperature variations of the dielectric characteristics of the proposed EC material with those of two famous LCs; i.e., K15 and MDA-03-2838 [6] . In this case, the EC material has a wider operating temperature range compared to an LC mixture, K15, which has a usable temperature range between 20°C and 34.9°C. The temperature range of an LC mixture, MDA-03-2838, also discussed in [6] , is increased especially toward higher temperatures-a phenomenon which can also be observed in Fig. 7 for the proposed EC material. Nevertheless, the maximum dielectric AT 20 GHz tunability occurs for 50°C which is the highest adjustable temperature and, in this case, it would be pertinent to investigate the EC material behavior in an even broader temperature range.
The dielectric tunability exhibited by the EC material can be exploited to realize electronically tuneable microwave and millimeter-wave devices such as phase shifters, tuneable filters, and phase agile antennas, to name but a few. Using a tuneable EC material for a phase-shifter device, the phase shift per unit length ( ϕ), and the figure-of-merit (FoM), defined as the ratio ϕ/(maximum insertion loss) can be calculated. It is assumed that the phase shifter takes form of a microstrip line, the same as the one used in the measurements of the EC properties [ Fig. 1(b) ]. In this regard, the frequency response of the microstrip line exposed to the EC material with 2-mm length is shown in Fig. 8(a) and (b) at all three temperatures. The origin of the undulations observed at higher frequencies, particularly above 65 GHz, is twofold; first, the CPWto-microstrip line transitions are designed for a wideband operation in the frequency range of 40 MHz-65 GHz [2] and second, the more sensitive frequency response of the test device to noise probably stems from random errors in the scattering parameter measurements. These random errors can be minimized using measurements of several transmission lines with different lengths. It is also noticed that the thickness of the thin dielectric film is much smaller than the wavelength of the highest measurement frequency so that the TFML supports only the dominant mode [21] . Thus, these undulations are not related to high-order modes which are problematic for conventional microstrip lines.
The corresponding maximum tuneable phase shift is depicted in Fig. 8(c) across the measurement frequency range. In general, the dynamic tunability of the microstrip line is shown to increase with frequency and both the electronically reconfigurable phase range and FoM increase with temperature. For example, the FoM at 50°C is higher by a factor of 1.8 and 3.3 compared to the values obtained at 23°C and 7°C, respectively. Table II compares the phase shifting performance of the proposed EC device at different temperature conditions compared to the same LC mixtures as in Table I [6]. These results obtained for the EC material are comparable, particularly above room temperature, with the FoM data reported for single-element LC materials such as K15 [6] , but are lower than the values obtained for other more complex LC mixtures [7] . The main reason for this lies with high ohmic losses associated with the conductors in TFMLs [18] . Our computations show that for a microstrip line of length L = 2 mm with metal thickness and conductivity of T = 2.58 μm, σ = 2.46 × 10 7 S/m, respectively, and W/H ≈ 4, constructed with the EC material (ε r = 34.62 and tan δ = 0.011, the case with 0 V bias at 23°C), the dielectric loss is only α D = 0.2 dB whereas the ohmic loss is α C = 10 dB, indicating that the total loss is about α T = 10.2 dB at 20 GHz [21] . For this reason and to better illustrate the EC material performance, we have also provided in Table II (last column) the results for the 2-mm EC-based microstrip line, for the case when perfect conductors were used for the top microstrip line and the ground plane. The ohmic losses depend strongly on the absolute value of the relative permittivity since this has a major impact on the distribution of the EM fields and hence the current flow along the conductors. In general, a material with a higher permittivity presents larger ohmic loss and therefore to obtain reduced losses, it is desirable to manufacture EC materials with lower dielectric constants. In light of this, the fact that ECs are composite structures makes this new class of tuneable dielectrics highly attractive for future investigation and performance improvements. More specifically, it is envisaged that the overall dielectric properties of the composite EC material (tuning ratio, relative permittivity, and loss tangent) can be further engineered by adjusting the thickness and the electrical properties of the individual layers of the EC device.
VI. SATURATION LIMIT
As common for all tunable dielectric materials, a saturation level is expected for the proposed EC material where a tuning behavior is not achieved above a specific bias voltage. The bias voltage represents the required energy to initiate the chemical reaction (ion/electron movements) between the electrolyte and the chromic layers of the EC material and hence it depends on the characteristics of the constituent layers such as thickness, ion, and electron conductivity. For the results reported in [9] and the temperature-controlled measurements in this paper, an upper bias voltage limit of 6 V is in line with the studies in the optical frequency range [10] , [11] . For example in [10] , similar chromic films (WO 3 and NiO) and electrolyte (LiNbO 3 ) are used with a mild difference in the thickness of layers to achieve coloration with a bias voltage of 1.5 V. For a better illustration of the saturation level of the EC material in the microwave frequency range and to evaluate the performance limit of the EC device in Fig. 1(b) , we have performed measurements for bias voltages higher than 6 V; namely, up to 11 V. However, such high dc bias voltages are not recommended as long as further studies are conducted to determine the repeatability of the microwave and millimeter-wave performance of EC materials with regard to power handling capability and breakdown voltage.
Another important characteristic of the EC material which requires careful attention is that although most of the coloration changes of the material takes place within a few of seconds after application of the voltage, the coloration saturation is not reached even after several minutes [11] . This should be also considered for further performance investigation of the dielectric tunability of EC materials at microwave frequencies.
Nevertheless, the de-embedded amplitude and phase shift of the transmission coefficient of the EC-based microstrip line is provided in Fig. 9 for bias voltages from 6 to 11 V. To perform these higher dc bias voltage measurements, dc bias voltage was gradually increased from 6 to 11 V and the device was kept in the biased state for about 25 min. The voltage was applied sequentially on and off in order to prevent excessive substrate heating. As can be appreciated from Fig. 9 , the small difference observed in the phase change between 10 and 11 V indicate that the present device has reached saturation. In addition, a great improvement in the phase shift is also achieved which is about 2.5 times higher for a bias voltage of 11 compared to 6 V. The amplitude of the transmission coefficient remains approximately unchanged for all the reported voltages.
As suggested by this paper, we may infer that the tuning saturation of the dielectric properties of the EC material may require larger bias voltages and a longer exposure times. However, this field of study requires further investigation.
VII. CONCLUSION
In this paper, we investigated the dielectric properties of an inorganic thin-film EC material (WO3/LiNbO3/NiO). Numerical simulations in conjunction with S-parameter measurements made on a fabricated CPW/microstrip/CPW test cell were used to extract the dielectric permittivity and loss tangent between 1 and 67 GHz over the temperature range 7°C to 50°C, and for dc bias voltages in the range 0-6 V. The dynamic dielectric tunability and loss tangent over this wide frequency band are shown to be similar to the first generation of LCs (K15). At high temperatures the EC material is shown to exhibit a higher tunability albeit with a modest increase in the loss tangent, and the converse is observed below room temperature. A major drawback of LC mixtures is that it is limited in the operational temperature range in order to ensure that the specimen exists in the nematic mesophase state. However, we have demonstrated that the operation of EC is satisfactory within the range of temperatures investigated in this preliminary test campaign. We, therefore, anticipate that thermal effects are less of a concern for EC, but further measurements below 7°C and above 50°C will be required to prove this hypothesis. Favorable comparisons with FE have been identified, including a lower loss tangent and a requirement for a much smaller bias voltage. However, to deploy EC for practical applications, it will be necessary to increase the FOM which was found to be lower than the values reported for FE and LC materials. This is largely attributed to the ohmic loss in the conductors of the TFML microstrip line. Therefore, to realize the full potential of this technology, much effort is required to overcome this limitation, for example by manufacturing lower permittivity and thicker composite EC structures in order to reduce the intensity of the electric field inside the EC-based microstrip line.
APPENDIX
The TL technique was preferred in this paper over other deembedding methods such as the L-2L approach [28] which is based on two active structures, each containing an EC cell with different lengths, L and 2L. The L-2L technique, if applied to the extraction of the unknown parameters of the EC cell, would impose two restrictions. First, it would necessitate that the two active EC cells to be preset to the same ground reference, usually by the application of a negative bias voltage for an identical amount of time and, second, the exposure time to the bias voltages would need to be exactly the same for both structures, otherwise the extracted results will not be accurate. The TL technique pursued in this paper does not have these limitations.
